When hydrogen bonds are broken at an interface, water molecules are forced to adopt configurations that are not as energetically favorable as those deep within the bulk of the material. At the interface between ice and its vapor, this can result in the top layers of ice becoming disordered. Such disorder makes it possible for water at the surface to flow, much like a liquid, accounting for why ice is slippery. This liquidlike layer exists over a wide range of naturally occurring conditions-from the depths of glaciers to the clouds of the upper atmosphere-and is responsible for many geological processes-from the shapes of snowflakes to the sliding of ice sheets (1) . Although experimental and theoretical work has confirmed the existence of a liquid-like layer atop ice surfaces, its molecular origins and physical properties are still actively debated. In PNAS, using high-resolution optical interferometry, Murata et al. (2) propose that the liquid layer atop ice can adopt two different wetting states with a first-order phase transition between them.
Premelting is the term most often used to describe the thermodynamically stable disorder at the interface between an otherwise ordered solid and its vapor. Near the triple point, the thermodynamic driving force for premelting is given by the decrease in the surface free energy relative to an ordered solid-vapor interface. In the case of water and ice, the thermodynamics can be easily rationalized from a microscopic perspective. Shown in Fig. 1A is a representative configuration of the surface of ice taken from a molecular dynamics simulation at conditions close to water's triple point. Far away from the surface, the water molecules form hydrogen bonds with four of their nearest neighbors, establishing the open, locally tetrahedral environment that leads to the lower density of ice relative to liquid water. Molecules at the surface are forced to break one of those hydrogen bonds on average, incurring an energetic penalty that is large relative to k B T, or typical thermal energies. This large energetic loss is balanced by an entropic gain from melting the surface.
Since premelting was definitely established with low energy X-ray scattering (3), advances in surface selective experimental techniques such as atomic force microscopy (4), and vibrational (5) and electronic spectroscopy (6) have provided powerful tools to probe the surface structure of ice. These experimental studies have been complemented by a number of detailed atomistic simulations that also find a premelting layer on the surface of models of ice (7, 8) . However, quantifying the properties of the liquid layer and their dependence on external parameters, such as temperature and vapor pressure, has resulted in large uncertainties and little consensus (9) . This is, in part, due to the difficulty in preparing and isolating pristine surfaces experimentally, and in part due to the different molecular features probed by distinct experimental methods, which may be more (or less) correlated with molecular order. Theoretically, well-known difficulties in modeling water, as well as the large length and time scales required to sample the relevant interfacial fluctuations, have proved challenging for simulation.
Murata et al. (2) succeed by making direct in situ observations of the surface of ice using an advanced optical microscope. In doing so, they challenge the conventional understanding of premelting on ice as a simple uniform liquid layer. Their measurements combine laser confocal microscopy with differential interference contrast microscopy to approach molecularlevel resolution in the surface height direction, with a wide field of view along the surface. Direct visualization of the surface avoids the difficulty in relating specific spectroscopic or physical features to interfacial order. Their interferometry enables them to quantify subtle interfacial features as they evolve, across wide spatial and temporal windows. As with their previous observations (10), they observe that the liquid-like layer on the surface of ice exists in a state of spatiotemporal heterogeneity, where droplets sitting on top of a thin liquid layer come into and out of existence. Such droplets were visualized earlier by Elbaum et al. (11) in the water vapor pressure, with simple physical modeling rooted in classical wetting theory, to propose a thermodynamic origin for these observations. Building on previous work by Elbaum and Schick (12), Murata et al. (2) posit that droplets form due to long-ranged attractive interactions between ice and vapor. For thick liquid layers, longranged interactions in the form of dispersion forces dominate over molecular interactions and ultimately determine the wetting behavior of the premelted layer. Provided the dielectric functions of ice and water, the strength of these interactions can be estimated using Lifshitz theory. This calculation adds a contribution to the free energy per area of the interface of the form W/ 2 , where is the thickness of the premelting layer and W is the Hamaker constant for uniform slabs of ice, liquid water, and vapor. This constant is dominated by the relative static dielectric responses of the pure phases. Because the static dielectric constant of ice is larger than those of liquid water and vapor at the triple point, the Hamaker constant is negative (13) . Its magnitude is small, W ≈ −0.01 k B T, because the difference in the dielectric constant between water and ice at the triple point is only a few percent. This attraction pins the premelting layer thickness to a finite value, rendering surface melting incomplete as the triple point is approached. In the study by Murata et al. (2) , incomplete melting is clearly signaled by the protruding micrometersized droplets they are able to optically image. These droplets fail to wet the surface of ice and consequently have finite contact angles. With their two-beam interferometer they are also able to measure the contact angle, which is as small as 0.6 o , in reasonable agreement with that found previously (11) .
The long-ranged attractive interactions that suppress premelting layers compete against short-ranged repulsive forces that enhance them. Short-ranged repulsions can arise within Lifshitz theory from the high-frequency contributions of the dielectric functions, or from molecular correlations. Effective shortranged repulsions derived from molecular-scale interactions change the temperature dependence of the premelting thickness from a power law predicted for dispersion forces to a logarithmic divergence. The logarithmic dependence is well understood within the context of the Landau theory of surface melting (14) , where the repulsive force takes the form A exp[− / o ]. Here, the length scale o and coefficient A are determined by a competition between bulk energetics favoring order and interfacial energetics opposing it. An exponential form for the repulsive potential has been found in molecular dynamics simulations of several models of water (15) . Using coarse-graining procedures, the constants entering the repulsive potential can be extracted and mapped to available experimental data, which yields o ≈ 5Å and A ≈ 0.1k B T/Å 2 (16) . At molecular length scales ( 1 nm) the shortranged repulsion is more than an order of magnitude larger than the long-ranged attraction. Shown in Fig. 1B is the resultant temperature dependence of the premelting layer thickness. Approaching the triple point from low temperatures, the thickness of the layer first increases logarithmically before eventually plateauing to an ultimate thickness less than 10 nm.
The evidence supporting incomplete melting on ice is an important contribution by itself. However, by far the most intriguing proposal put forward by Murata et al. (2) is the idea that the two different interactions, with their different scalings, strengths, and signs, can result in a first-order transition between different wetting states. These states are characterized by either a droplet of liquid forming directly on the surface of ice, as would be favored by the long-ranged forces, or a droplet of liquid forming on top of a thin liquid film, as would be favored by the short-ranged forces. Clear observations of both are provided in the study by Murata et al. (2) , and, importantly, hysteresis is found in transitioning between these two states. This hysteresis is postulated to occur due to the metastability afforded by a first-order phase transition. It is triggered experimentally by moving between conditions of over-and undersaturation of water vapor pressure.
The proposed first-order transition is rationalized by Murata et al. (2) from a premelting thickness-dependent surface free energy, F ( ). Collecting both long-and short-ranged interactions (16) , it takes the form
For ice, A > 0 and W < 0, so the function is nonmonotonic in . This is precisely the form of the free energy described by Brochard-Wyart et al. (17) when such exotic surface transitions were first proposed. The addition of a chemical potential difference between the liquid, ice, and vapor phases, ∆µ , is included in the free energy away from the triple point. By modulating this chemical potential, coexistence conditions between distinct surface states can be found, with a free energy barrier between them, as illustrated in Fig. 1C . Apart from observing hysteresis, Murata et al. (2) map the limits of metastability in the temperature-pressure plane and visualize the dewetting process that transitions one state to the other. Within the limits of metastability, this process occurs with what they characterize as facile nucleation, initiated via capillary fluctuations. Outside the limits of metastability, they report behavior akin to spinodal dewetting. Because of its ubiquity and importance, water often serves as a testing ground for proposing and validating new physical phenomena. This was true with Michael Faraday's initial proposal of premelting on the surface of ice (18) , which in the proceeding century was found to occur quite generally in metals, semiconductors, and even rare gases. Whether or not the behavior illuminated by Murata et al. (2) proves to occur in other materials or is unique to ice, it undoubtedly provides motivation for future studies.
